Acidosis is a fundamental feature of the tumor microenvironment that directly regulates tumor cell invasion by affecting immune cell function, clonal cell evolution, and drug resistance. Despite the important association of tumor microenvironment acidosis with tumor cell invasion, relatively little is known regarding which areas within a tumor are acidic and how acidosis influences gene expression to promote invasion. Here we injected a labeled pH-responsive peptide to mark acidic regions within tumors. Surprisingly, acidic regions were not restricted to hypoxic areas and overlapped with highly proliferative, invasive regions at the tumor-stroma interface, which were marked by increased expression of matrix metalloproteinases and degradation of the basement membrane. RNA-seq analysis of cells exposed to low pH conditions revealed a general rewiring of the transcriptome that involved RNA splicing and enriched for targets of RNA binding proteins with specificity for AU-rich motifs. Alternative splicing of Mena and CD44, which play important isoform-specific roles in metastasis and drug resistance, respectively, was sensitive to histone acetylation status. Strikingly, this program of alternative splicing was reversed in vitro and in vivo through neutralization experiments that mitigated acidic conditions. These findings highlight a previously underappreciated role for localized acidification of tumor microenvironment in the expression of an alternative splicing-dependent tumor invasion program.
Introduction:
Acidification of the microenvironment plays established roles in tumor progression, and provides a hostile milieu that advantages tumor cell survival and growth compared to non-cancerous cells (1-3). Unlike normal cells, cancer cells can adapt to survive in low pH environments through increased glycolytic activity and expression of proton transporters that normalize intracellular pH. Acidosis-driven adaptation also triggers the emergence of aggressive tumor cell subpopulations that exhibit increased invasion, proliferation and drug resistance (4) (5) (6) (7) . Acidosis also promotes immune escape, which maintains tumor growth (8) .
How acidosis induces such phenotypes is only partially understood. The effects of extracellular acidity on cell invasion have been characterized mainly in vitro (9) . For example, acidosis can modulate the subcellular localization and function of cytoskeletal regulatory proteins that underlie cell migration and invasion through protonation of critical pH-sensitive residues (10, 11) . Extracellular acidification may also contribute to aggressive phenotypes through modulation of transcriptome dynamics. Transcriptome-wide studies suggest that tumor stressors such as hypoxia, nutrient starvation and lactate acidosis can each regulate gene expression at the transcriptional and posttranscriptional levels in vitro (12) (13) (14) . For instance, low extracellular pH induces increased histone deacetylation, thereby influencing the expression of certain stress responsive genes and concomitantly contributing to normalization of intracellular pH through the enhanced release of acetate anions that are co-exported with protons through Monocarboxylate transporters (MCTs) (15, 16) . However, how these changes influence transcriptome dynamics is not well understood, nor is it clear whether changes in gene expression arising from such stresses in vitro also correlate with those induced by equivalent physiological stressors in vivo.
Due to technical limitations, the spatial characteristics of acidic tumor tissue have been inferred mainly from bulk pH measurements (17, 18) . While these studies provide insights into the degree of acidification in vivo and highlight its heterogeneity, it has not been feasible to establish at cell-level resolution which areas within tumor microenvironment are acidic, nor has it been straightforward to determine how localized acidification correlates with molecular markers of cell invasion in vivo. Here we exploit the established ability of the pH low insertion peptide (pHLIP) to label cells exposed to acidic conditions in vivo (19, 20) . pHLIP stably inserts into the membrane of cells exclusively under acidic conditions (<pH6.5) (19) . We establish that pHLIP can be used to identify cells within acidic areas of the tumor at histological resolution. We demonstrate that acidic areas extend beyond the hypoxic core of the tumor and that the invasive fronts at the tumor-stroma interface are acidic in vivo. Using RNA-seq analyses of mouse and human mammary carcinoma cell lines in response to low pH in vitro, we find that acidosis widely modulates RNA splicing and enriches for targets of specific types of RNA binding proteins. The pH-responsive expression of a set of functionally relevant splice variants from this signature was validated in vivo and in vitro and the splicing of two of these events was sensitive to changes in histone acetylation. Our study highlights the underappreciated impact of extracellular acidification as a critical feature of the tumor microenvironment that locally influences transcriptome dynamics to promote the acquisition of invasive phenotypes.
Materials and methods:
Immunofluorescence and image analysis:
Tumor tissue sections were stained and processed as previously described (21) . In short, tumor tissue was excised from mice and fixed in 10% buffered formalin and embedded in paraffin. Tumors from MMTV-PyMT mice were fixed in 10% buffered formalin and embedded in paraffin. Sections from FFPE human breast cancer tumors were obtained from Metastat Inc. Tissue sections (5µm thick) were deparaffinized followed by antigen retrieval using Citra Plus solution (Biogenex). Sections were blocked with serum and incubated with primary antibodies overnight at 4°C. Fluorescently labeled secondary antibodies were added at room temperature for 2 hours. Images were collected using a DeltaVision microscope with plan-apo 20X objective 1.4NA and CoolSNAP HQ camera (Photometrics), controlled by softWoRx Software (GE Health). 8-10 images at 0.2 um steps were collected, de-convolved and 2D-projected for maximum signal intensity. Exon-specific probe were custom designed for CD44 E19 and RNAscope 2.5HD assay was performed according to manufacturer guidelines and detected by red kit (cat # 322360). Following RNAscope protocol completion antibody labeling and immunofluorescence staining was performed. The images were then subjected to contrast adjustments using ImageJ and quantified for the percentage of overlap between markers in red and green channels using InForm software (Perkin Elmer). Image quantification workflow consists of tissue segmentation to segment tumor and non-tumor regions followed by cell segmentation using DAPI counterstain using built-in algorithms. The images were then scored using a thresholding approach for double positivity or degree of positivity. Cells-based segmentation data, including positional information relative to tumor edge and degree of positivity generated in the above analysis was used to identify 3+ positive cells and localization relative to tumor edge. Image segmentation and analysis was performed on at least 3 tumors from 4 different mice and 3 to 5 areas per tumor. To keep thresholding and other criteria consistent across analyzed groups, image analysis was performed for each experiment with all images as a batch. Antibodies used in the study are listed in Supplementary Table S1 .
Total RNA from cell lines was extracted using RNeasy Plus Mini Kit (Qiagen). RNA from tumor tissues was extracted in Trizol and homogenized with a Bullet Blender (Next Advance, Averill Park, NY) according to the manufacturer's instructions. 1-100ng of RNA was reverse transcribed with SuperScript III (Invitrogen). The resulting cDNAs were used for qPCR analysis using iQ SYBR Green Supermix (BioRad) in triplicates. qPCR and data collection were performed on a StepOne system (Applied Biosystems). Primers used for qPCR analysis are listed in Supplementary Table S2 . Data was analyzed according to Log 2 fold change ΔΔCt method using GAPDH as a reference gene.
Illumina sequencing:
Raw and processed RNA-seq data can be found at Gene expression ominibus, NCBI, accession number: GSE119646. See supplementary methods for detailed methods.
Bioinformatics analysis:
Gene set enrichment and network visualization:
Gene set enrichment analyses (GSEAs) were performed on ranked lists of genes that were generated using mean log 2 fold-change of all commonly expressed genes in both mouse and human datasets. Pre-ranked GSEA analysis was performed using the GSEA software available from the Broad Institute (http://www.broadinstitute.org/gsea/index.jsp) (22) . Gene sets significantly associated with transcript level up-or down-regulation by low pH (p < 0.05 and FDR < 0.01) were then represented in enrichment networks wherein nodes correspond to significantly-enriched GO terms, and edges indicate pairs of gene sets that share genes. Node sizes correspond to the number of genes in the GO term gene sets that also occur in the gene input list. Edge weights correspond to the overlap coefficients between pairwise GO term gene set comparisons. Two gene sets A and B have an overlap coefficient equal to |A ∪ B|/min(|A|,|B|), where |X| represents the number of genes in gene set X. GSEA results were processed using custom scripts written in MATLAB to generate graphml files with the properties described above. The resultant networks were arranged using a combination of manual positioning and automated layout functions in the yEd Graph Editor (yWorks GmBH, Tübingen, Germany). Related ontological terms were grouped using a natural clustering algorithm that relies on the edge betweenness clustering method. Nodes were re-colored to reflect the cluster in question, and networks of related ontologies were manually assigned a group label to represent shared high-level biological processes across all nodes.
Spectrum Motif Analysis (SPMA):
We used the Spectrum Motif Analysis approach from Transite (https://transite.mit.edu) (23) to identify RNA binding proteins whose target transcripts are upregulated in low pH conditions. The original list of transcripts was sorted by the log 2 fold change between the low pH and physiological pH conditions in ascending order, subdivided into 40 bins and RBP motif enrichment was calculated for each bin with respect to the entire list of transcripts. Significance levels are indicated by one, two, or three asterisks (p-value less than or equal to 0.05, 0.01, and 0.001, respectively) and refer to the putative binding site enrichment values per bin. A linear model was fit to the 40 enrichment values describing the relationship between fold change and number of putative binding sites. Goodness of fit was measured by adjusted R 2 . Additionally, local consistency scores (CS) (23) were used to identify nonrandom arrangements of putative binding sites across the spectrum of fold change sorted transcripts. The Transite source code is hosted on GitHub (https://github.com/kkrismer/transite).
CLIP and RNA-seq overlap analysis:
CLIP datasets were taken from the ENCODE project (eCLIP datasets available at encodeproject.org, accession numbers: TIA1: ENCSR623VEQ and ENCSR333PZV; KHDRBS1: ENCSR628IDK and ENCSR197NFH) and from (GEO accession number GSE29943 for HITS-CLIP of HuR) (24, 25) . Metaplots of CLIP densities in 3'UTRs were plotted separately for 3 categories of genes: 1) up in pH6, where gene expression was increased at least 1.5-fold in pH6 relative to pH7; 2) down in pH6, where gene expression was decreased at least 1.5 fold in pH6 relative to pH7; 3) control, where the fold-change in gene expression was less than 1.1 fold between both conditions. For each 3'UTR, we assessed the CLIP peak height (peak enrichment over input control) across 200 evenly sizedwindows that spanned the whole UTR (i.e. window size is UTR length/200). Metaplots were then, generated by averaging CLIP peak densities across all genes in each window. Significance was assessed in each window by the Kolmogorov-Smirnov test.
In vivo mouse experiments:
All experiments were performed according to the Guide for the Care and Use of Laboratory Animals and were approved by the National Institutes of Health, and the Committee on Animal Care at the Massachusetts Institute of Technology (Cambridge, MA, USA). For sodium bicarbonate water therapy experiment, female MMTV-PyMT mice were obtained from Jackson laboratories at 4 weeks of age. 5-8 mice per group were randomized, before the emergence of palpable tumor, into control and bicarbonate water treated groups as described (26, 27) . In summary regular or 200mM sodium bicarbonate water (equal to ~ 3.2 g/ kg/day) was provided ad libitum for 8 weeks. For xenograft experiments, 2x10 6 MDAMB231 cells in 20% collagen 1 in PBS were injected into the 4 th mammary fat pad of 6-week-old female NOD/SCID mice. Mice were similarly randomized in two groups of 4 mice each and the experiment was carried out for 8 weeks post-injection. Upon completion of the experiment, mice were subjected to tail-vein injection of 100ul of 40µM Cy7 labled pHLIP peptide (N->C: AC(Cy7)DDQNPWRAYLDLLFPTDTLLLDLLW-DLys-DLys synthesized by CPC Scientific, Inc.) 6-12 hours prior to sacrifice. For the detection of hypoxic areas of the tumor, 1 hour prior to sacrifice 60mg/kg Hypoxyprobe was injected intraperitoneally according to manufacturer instructions. The pHLIP-Cy7 intensity for localization and distribution in non fixed fresh tumors and major organs was imaged immediately after scarification of mice using a near-infrared florescent imaging system (Odyssey CLX , LI-COR Biosciences). Next, tumor and lungs were either fixed in 10% formalin for histological analysis, followed by Cy7 antibody detection, or snap frozen for further RNA extraction or dissociated for FACS sorting.
FACS sorting:
Tumors were collected from PyMT mice injected with Cy7-pHLIP, and tumors were then minced with a razor blade into pieces <1cm, and the minced chunks were then rinsed three times with PBS and then digested with collagenase. Digested tissues were then dissociated into single cell suspensions by 4x passing through 18G followed by 19G needles. The dissociated tumor cells were then washed twice with DMEM with 10% FBS and then filtered through 70 µm and 40 µm cell strainers and pelleted. The cell pellets were then resuspended into 10%FBS in PBS for FACS sorting. pHLIP-labeled Cy7 positive cells and negative populations were sorted using the 640 nm laser on a FACSAria cell sorter using the APC-Cy7 detector. Gating was determined using dissociated tumor cells from un-injected control mice.
Cell culture:
Please see supplementary methods for information on cell lines and culture conditions. All cells were tested for mycoplasma using Lonza MycoAlert™ Mycoplasma Detection Kit in 2015 and 2017 and used for experiments at passage 3-5. MDA-MB-231 and 4T1 cell lines were obtained from ATCC and authenticated by ATCC using STR DNA profiling analysis method. LM2, SUM159, PyMT cell line and patient derived PDX line were only authenticated using morphology check by microscope method. For the alteration of the pH conditions in the medium for each cell line, the sodium bicarbonate concentration was adjusted based on the Henderson-Hasselbalch equation in the base medium to reach pH 6.4 or pH 7.4. Medium was equilibrated at 37 o C and 5% CO 2 for at least 12 hours prior to use. Cells were cultured at sub-confluent density at normal (7.4) or low pH (6.4) for indicated time points in figure S5 or 48 hours all other experiments. Hypoxia conditions were generated using hypoxic chamber at 0.2% oxygen, cells were cultured for 3 days or 10 days in hypoxic chambers. Lactate acidosis was induced over 4-8 days by the addition of 5mM metformin to the medium. In both conditions 50mM HEPES was added or eliminated to monitor the effect of buffering capacities. The pH and lactate-to-glucose ratio were measured from the media samples collected from each condition at the beginnings and ends of each experiment, using pH stripes and YSI bio analyzer for enzymatic measurement of glucose and lactate levels. HDAC inhibition experiment was performed by addition of 500nM Trichostatin A (Sigma T1952) or DMSO to cells cultured either in pH6.4 or pH7.4 conditions. Cells were lysed for protein or RNA extraction after 48 hours of culture.
Statistical analysis:
The Student's t-test was used for paired data, and data are presented as means with standard deviation (SD). The p-value for significance of co-occurrence of two histological markers is calculated from counts of cells with either marker, both, or neither using a one-tailed Fisher's exact test, and odds ratios are calculated as the ratio of frequencies of a marker appearing in concert with a second marker vs. in the absence of the second marker. Hypergeometric statistics was used to identify significance of overlap in the bioinformatics analysis of mouse and human RNA-seq datasets.
Results:

Tumor-stroma interface is acidic
To identify cells within the tumor microenvironment exposed to low extracellular pH, we used the pHLIP peptide to label acidic tumor regions in vivo prior to sacrifice. Fluorescently labeled pHLIP peptide was injected intravenously into either tumor bearing transgenic MMTV-PyMT mice or NOD/SCID immune compromised mice with orthotopically implanted MDA-MB-231 xenograft tumors. As expected, pHLIP was detected in the tumors collected from these mice, but was undetectable in healthy organs aside from kidney and liver, where the peptide is cleared from the body (FigS1.A-B) (20, 28) . Cy7-pHLIP-labeled cell areas were detected both in the unfixed bulk tissue using an NIR imager and in tumor cross sections using an antibody specific to Cy7 (Fig.S1A'-B' ). To control for pHLIP labeling specificity, we analyzed alkalinized tumor samples taken from mice treated with bicarbonate drinking water. Neutralization of tumor acidity significantly reduced pHLIP labeling compared to controls ( Fig.S1A-B) , confirming that pHLIP retention at the membrane requires an acidic tumor microenvironment in vivo.
We next examined the distribution of pHLIP retention within tumors. Images of stained tumor cross sections from mice injected with the pHLIP probe were analyzed using a cell-based segmentation approach. Thresholding of signal intensity was used to stratify cells based on pHLIP retention ( within primary tumors and in metastatic lesions in the lung (Fig. 1A-B) , indicating that the tumor-stroma interface was acidic.
To confirm that pHLIP reliably labeled acidic tumor areas, we evaluated its overlap relative to two additional markers associated with low extracellular pH: expression of CA9 and of plasma membrane-localized LAMP2 (PM-LAMP2) (2, 29, 30) . CA9 is a major transporter that contributes to extracellular acidification through reversible hydration of carbon dioxide to bicarbonate and protons. CA9 expression significantly correlated with areas of pHLIP retention at cell membranes in both the primary tumor (Fig.1C) and metastatic lesions (Fig.S1D) . Given the extensive overlap with, and similar patterns of CA9 expression (Fig.1D , S1E) relative to pHLIP positive cells in the mouse model, we used CA9 as a surrogate to label cells in acidic areas in human tumor tissues. Similar to the mouse tumors, the CA9 was enriched at tumor-stroma interfaces in human tumors (Fig.S1F) .
PM-LAMP2 indicates cellular adaptation to chronic acidosis (2, 31) . PM-LAMP2 overlapped significantly with pHLIP labeled cells (Fig.S2A ) and most cells with PM-LAMP2, were proximal to the tumor-stroma interface confirming that it is acidic (Fig.S2B) . Similarly, in human IDC tumors, cells expressing CA9 significantly overlapped with cells exhibiting PM-LAMP2 (Fig.S2C-D) . Therefore, areas containing pHLIP labeled cells or cells expressing high levels of CA9 likely correspond to cellular areas exposed to acidic conditions in vivo.
Tumor acidification is widely assumed to be mainly co-incident with hypoxia, however, bulk level O 2 and pH measurements in vivo have demonstrated some level of discrepancy (17) , indicating that well-oxygenated areas of the tumor may also be acidic. We compared the distribution of cells within hypoxic areas, marked by pimonidazol, relative to that of pHLIP labeled cells (Fig.1E) . Most hypoxic areas were acidic as expected, however, surprisingly, large populations of cells that were labeled by pHLIP were not hypoxic (Fig.1E ). Hypoxic areas labeled by piminidazole were mostly enriched at areas distant from the tumorstroma interface (Fig.1F) . The low level of overlap between the two markers was not a consequence of incomplete pHLIP peptide perfusion into tissue as labeling of endothelial cells by CD31 revealed that pHLIP localized both in highly vascularized areas at the tumor rim ( Fig.S2E-E' ) and in poorly vascularized areas at the tumor core ( Fig.S2E-E") .
Increased aerobic glycolysis, a characteristic of invasive cancer cells, contributes to acidification of tumor microenvironment. LDHA expression drives aerobic glycolysis through increased lactate and proton production, thus its expression is a molecular indicator for increased aerobic glycolysis (20, 29, 32, 33) . We found that the majority of LDHA-positive cells were also labeled by pHLIP (Fig.1G) . In addition, similar to pHLIP, the distributions of LDHA and CA9 positive cells were highly enriched at tumor-stroma interfaces (Fig.1H) . Together, these findings suggest that pHLIP marks cellular areas within the tumor-stroma interface that are acidic but not necessarily hypoxic and that increased glycolytic metabolism may be a primary cause of extracellular acidity at the tumor-stroma interface.
Hallmarks of cell invasion and proliferation are enriched at acidic fronts
While acidosis is associated with malignant progression and invasion, direct celllevel spatial correlations between regional acidity and molecular markers for invasion have not been demonstrated in vivo. We asked whether the acidic areas of the tumor exhibited features characteristic of invasive phenotypes. Most cells within acidic tumor areas marked by pHLIP in mouse or CA9 expression in human tumors also expressed high levels of the matrix metalloproteases MMP9 or MMP14, respectively ( Fig.2A-S3A ). In addition, cells with the highest levels of MMP9 or MMP14 expression were located closest to tumor-stroma interfaces (Fig.2B-S3B) . Interestingly, as indicated by the absence of laminin staining, basement membranes were almost entirely disrupted adjacent to cellular areas that retained pHLIP at the membranes or that expressed CA9 (Fig.2C-S3C ). Together, these observations suggested that the acidic areas are invasive tumor fronts.
In addition to promoting invasion, acidification is also thought to promote local tumor growth (6, 7) . Consistent with this, we observed that 85% of Ki-67 positive cells were also labeled by pHLIP in MMTV-PyMT tumors (Fig.2D) . In human tumors, however, the overlap between CA9 and Ki-67 was lower but significant, with 36% of CA9 positive cells also positive for Ki-67 expression (Fig.S3D) . Nevertheless, most Ki-67 positive cells were localized to the tumor-stroma interface in both mouse and human ( Fig.2E-S3E ). This pattern was similarly observed in lung metastatic lesions (Fig.2F-G) , suggesting that the cells within the acidic front are proliferative. Together, these data demonstrate that the lowpH areas of the tumor are enriched for cells that are invasive and proliferative.
Acidosis modulates gene expression and splicing
While it is known that low extracellular pH elicits aggressive tumor cell phenotypes such as increased MMP activity, migration and invasion (34, 35) , the extent to which local extracellular acidification triggers changes in gene expression is less well studied. We performed RNA-seq analyses of MDA-MB-231, a human TNBC breast cancer cell line, and 4T1, a mouse mammary carcinoma cell line, cultured under either physiological (pH =7.4) or low pH (pH= 6.4) conditions induced by modification of the concentration of sodium bicarbonate. We observed concordant, pH-dependent changes in expression of 2752 genes in the mouse and human cell lines (Fig.3A) . Gene set enrichment analysis (GSEA) of the transcriptomic changes common to both mouse and human was used to identify the biological processes most affected by acidification. Network analysis of gene sets with an FDR < 0.01 that associated with genes up-or down-regulated in both species under acidic conditions revealed a large number of changes associated with RNA processing and RNA splicing (Fig.3A' ). Other less pronounced gene sets included regulation of GTPases, cell migration, immune response, oxidative phosphorylation, and mechanisms associated with cell response to stress. This finding highlighted the possible effect of tumor acidosis on post-transcriptional regulation of gene expression.
An assessment of exon usage in both mouse and human revealed a global rewiring of splicing under low pH. The density plot for percent spliced in (PSI) values in low or normal pH indicates that acidosis deregulated RNA splicing, and in particular, it affected the splicing of constitutive exons PSI=0 or 1 (Fig.3B) . Therefore, acidosis induces a rewiring of transcriptome leading to the emergence of alternatively spliced isoforms and deregulating inclusion or exclusion of constitutive exons. In addition, and similar to previous reports for hypoxia (12) , a survey of different types of splicing events indicated that low pH conditions gave rise to larger numbers of retained introns (Fig.S4A) . To identify the biological processes affected by alternative splicing under acidosis, we performed GSEA analysis focused on orthologous exons altered in both the mouse and human datasets in response to low pH. As expected, most significant gene sets enriched in the splicing signature were associated with RNA interactions, such as genes encoding splicing factors and RNA binding proteins that are known to be heavily dependent on auto-regulation by alternative splicing (Fig.3B ). Other genes exhibiting significant changes in splicing patterns were associated with cytoskeleton. Pathway analysis of these events suggested that the splicing events could be associated with genes involved in regulation of spliceosome machinery and in regulation of cell adhesion, respectively (Fig. 3B'-B") . These results suggest that low extracellular pH can trigger RNA splicing-mediated changes in cytoskeletal machinery, which may contribute to acidosis-induced cell invasion.
Targets of RNA binding proteins that interact with AU-rich motifs are enriched in low pH transcriptomic signature
Given the major impact on the global deregulation of constitutive exons and changes in splicing patterns, we asked if a specific set of RNA binding proteins contributes to the global rewiring of the transcriptome in response to extracellular acidity. We took advantage of publicly available datasets to investigate how RBP targets are distributed across pH-induced transcriptomic changes in mouse and human, applying the "Spectrum Motif Analysis" (SPMA) approach from Transite, a novel bioinformatics platform (23) . SPMA identified RBPs whose putative target transcripts were arranged in a non-random fashion across the sorted list of pH induced transcripts organized by their log 2 fold change. Most strikingly, putative binding sites of the ELAVL / HUR family of RNA binding proteins were highly enriched in transcripts up regulated in low pH. Moreover, there was a clear linear relationship between fold change and enrichment of putative ELAVL / HUR binding sites, as measured by adjusted R 2 values of the fitted linear models (0.769 for human and 0.732 for mouse) and highly significant local consistency scores with p-values of 2x10 -7 and 4x10 -7 for human and mouse, respectively (Supplementary Table 3, Fig.4A ). An overlap of RBPs whose putative binding sites were most significantly enriched in both RNA-seq datasets revealed a consistent enrichment of AU-rich motifs in transcripts that were up regulated in low pH (Fig.4B ).
To strengthen this observation, we investigated the publicly available CLIP dataset and its overlap with our RNA-seq data. We found significantly greater CLIP peak densities for HUR, TIA1 and KHSRP around the 3'-UTR regions of genes up regulated in response to low pH relative to control (Fig.4C) . This alternative bioinformatics approach confirmed that RBPs with preferential binding to AU-rich motifs were enriched in genes upregulated in low pH. These RBP families are mostly known for their effect on RNA stability, but some also play important roles in RNA splicing. Members of the ELAVL family, for instance, under stress conditions shuttle to cytoplasm to stabilize stress-sensitive transcripts and promote cell survival (36) . This finding suggests a potential role for RBPs that interact with AU-rich motifs, and in particular ELAVL / HUR in modulating the pH-induced gene expression changes. Whether or not ELAVL and other AU-rich motif-binding RBPs influence the significant changes in RNA splicing, isoform-specific mRNA stabilization or both requires further investigation.
Extracellular acidity is necessary and sufficient for the induction of candidate splicing events
To validate our bioinformatics analysis of acidosis induced alternative splicing, we selected candidate-splicing events from genes showing substantial pHdependent changes informed by their known functional importance in the induction of aggressive tumor phenotypes (Fig.S4B-C) : 1) the inclusion of exon19 of CD44, involved in drug resistance (37, 38) ; 2) the inclusion of exon 4 (INV) of Mena (ENAH) , also known as Mena INV , an isoform that promotes cell invasion and metastasis (39, 40) ; 3) the exclusions of exon 23 in DOCK7 with a potential role in regulating cytoskeletal dynamics; 4) the exclusion of exon6 in DLG1, with a potential role cell polarity (41, 42) . With the exception of exon 19 of CD44, all selected events were common to both mouse and human pHdependent responses. We first validated the reproducibility of these pHresponsive splicing events across a panel of human breast cancer lines including MDA-MB-231 and its metastatic derivative LM2, and SUM159 as well as a cell line derived from a PDX model for a triple negative mammary carcinoma patient (43) . In parallel, the conserved events in these genes were assessed in 4T1 cells as well as in a cell line derived from an MMTV-PyMT tumor. RT-qPCR analysis indicated that all observed pH-dependent changes in these candidates were reproducible in all cell lines examined (Fig.S4D) .
We then investigated whether these events were directly responsive to extracellular pH alteration. First, we asked if the events were induced as an immediate response to extracellular acidification or were a consequence of adaptation. MDA-MB-231 cells were cultured for 4, 12, 16, 48 and 96 hours prior to analysis. Except for CD44, which showed apparent inclusion of the exon as early as 4 hours, splicing of all three other candidates was significantly changed only after 48-hour exposure to low pH conditions (Fig.S5A ) at which point cell growth remained equal to normal pH but, as expected, the growth rate was significantly reduced when assessed at the 96-hour time point (Fig.S5B) . Analysis of MDA-MB-231 cells cultured for 48 hours in acidic media and then returned to a normal pH medium for another 48 hours revealed that the splicing events were reversible and responsive to the extracellular pH alterations (Fig.5A) .
We next wondered whether the in vivo mechanisms underlying tumor acidosis, hypoxia and aerobic glycolysis, could also trigger to the same splicing events in vitro. Cells were subjected to hypoxic conditions for three or 10 days followed by RT-qPCR analysis. While short-term hypoxia was insufficient for splicing of the candidates, long-term hypoxia induced changes similar to those observed under low pH conditions (Fig.5B) , coinciding with a drop in the pH of the medium to pH~6.3 after 10 days of hypoxia (Fig.5B') . Thus, we hypothesized that the observed changes in splicing after 10 days of hypoxia were an indirect consequence of the reduced pH of the media (Fig.5B) . Consistent with this hypothesis, addition of HEPES to buffer the media blocked both the reduction in pH after 10 days of hypoxia and the resulting changes in splicing of the candidate genes ( Fig.5B-B' ). Interestingly, buffering did not alter expression of two known transcriptional mediators of hypoxic effects, HIF1 and HIF2 (Fig.5B'' ), suggesting that low pH-induced splicing events may arise independently of both HIF1 and HIF2 expression.
To mimic increased glycolysis conditions in culture, we used metformin, a drug that inhibits the complex I of mitochondria and therefore forces excessive lactate production (44) . As expected, metformin addition increased the amount of lactate in the media and acidified the media (Fig. 5C') . Metformin addition also induced the pattern of low pH-induced splicing which were blocked by addition of HEPES (Fig.5C ). Lactate content remained increased under hypoxic or lactate acidosis conditions with or without HEPES buffering (Fig.S5C-D) . These results indicate that, at least for the splicing events tested, exposure to extracellular acidity is sufficient to induce the observed changes, while hypoxia-induced changes in HIF expression or increased lactate are dispensable.
The splicing of low pH-induced Mena
INV and of CD44E19 is sensitive to histone acetylation status.
To explore the potential intracellular mechanisms underlying pH-dependent splicing, we asked if low pH-induced chromatin modifications, particularly global histone de-acetylation could influence splicing of the candidate events. In response to extracellular pH drop, increased HDAC expression and activity antagonizes intracellular pH reduction through the enhanced release of acetate anions (15) . Histone acetylation status influences the association of RNA splicing factors with nascent mRNA and thus modulates splicing (45) . We used the HDAC inhibitor Trichostatin A (TSA) to increase histone acetylation levels and (Fig.S5E-F) . Thus, we conclude that the pH-induced inclusion of CD44 E19 and Mena INV is sensitive to histone acetylation status, suggesting a role for pH-induced chromatin de-acetylation in the modulation of some of the RNA splicing changes observed in low pH signature.
The low-pH-induced transcriptomic signature in vivo
We next asked whether the pH-responsive gene signature could be observed in cells exposed to tumor acidosis in vivo. We used the pHLIP-Cy7 peptide to label cells in low-pH tumor areas and then used FACS of disaggregated tumor cells to recover cells retaining the peptide (Fig.6A) . The Cy7-positive and -negative cell populations representing cells from acidic and non-acidic tumor regions, respectively, were then evaluated for candidate gene expression and exon usage by RT-qPCR. The expression of all genes in the cells collected from PyMT mouse tumors followed a pattern similar to that observed in low-pH conditions in vitro (Fig.6B, S6A ).
Next, we tested if the spatial expression of candidate pH-responsive spliced isoforms correlated with the acidic areas of the tumor using in situ hybridization (ISH) and immunofluorescence. An existing antibody specific to the Mena isoform containing the pH-responsive exon inclusion ("Mena INV ") (21) was used to evaluate the expression of this isoform relative to acidic tumor areas. Most Mena INV -positive cells were also pHLIP-positive, both in primary tumors and in the metastatic lesions ( Fig.6C-E) . Furthermore, cells expressing highest Mena INV levels were located closest to the tumor-stroma interface (Fig.6D-F) . Similarly, human IDC tumors exhibited a significant overlap between Mena INV expression and CA9 (Fig.S6B) with Mena INV positive cells enriched at the tumor-stroma interface (Fig.S6C) . To detect the expression of CD44 E19 in human tumor sections we used an ISH approach with an RNAscope probe specific to E19. Most CD44 E19-positive cells overlapped with the expression of CA9 in the patient tumors examined (Fig.S6D) and were present at the peripheral tumor regions marked by CA9 expression (Fig.S6E) . These data confirmed that the expression of at least a subset of candidate pH-responsive splicing events correlates with areas marked either by pHLIP retention at the membrane or CA9 expression.
Given the association of acidosis in vitro with increased histone de-acetylation and the influence on the expression of Mena INV and CD44 E19, we asked if the expression of HDACs in vivo also correlates with the acidic areas. Using an antibody against HDAC2 we evaluated its expression relative to acidic regions. Interestingly areas marked by pHLIP in mouse expressed high levels of HDAC (Fig.6G) . These high-expressing HDAC cells were frequently enriched at tumorstroma interfaces (Fig.6H) . This observation suggests a potential molecular explanation for previously reported pH-Induced global histone de-acetylation (15) . Altogether, these findings indicate that acidic areas in vivo are sites of increased HDAC expression, which in turn, influence the expression of pHinduced splicing events such as Mena INV and CD44E19.
Tumor neutralization abrogates the expression of pH-responsive isoforms
To evaluate the pH responsiveness of the candidate splicing events in vivo, we examined the events in tumors collected from mice that received regular or bicarbonate water. As before, consumption of bicarbonate water was sufficient to reduce tumor acidity, evident by the reduction of pHLIP-localization in cells from those tumors relative to control (Fig.7A-A' ), and to reduce lung metastasis (26) . In addition, the percentage of Mena INV positive cells was significantly reduced in those tumors (Fig.7A'-A") . To examine the pH-responsive splicing candidates in vivo, tumors from control or treated mice were analyzed by qPCR analysis. Compared to the control samples, in tumors from PyMT mice that consumed bicarbonate water the inclusion ratio of the INV exon of Mena was significantly reduced. Similarly, the DOCK7 exon 23 and DLG1 exon 6 trended toward increased ratios, following the expected directionality, however, in these cases the changes were not statistically significant (Fig.7B) . The effect of buffering on pH-responsive exons was also evaluated in a xenograft model derived from MDA-MB-231 cells. In line with the findings in the MMTV-PyMT tumors, the appearance of all candidate pH-responsive splicing events was significantly attenuated in tumors collected from bicarbonate water treated group in the xenograft model (Fig.7C) . These data indicate that alteration in the extracellular acidity in vivo directly influences the expression of the pH-responsive signature.
Discussion:
We characterized the spatial characteristics of acidic tumor microenvironment using pHLIP technology, and demonstrated that tumor-stroma interfaces are acidic and that cells within the acidic front are invasive and proliferative. We found that exposure to low extracellular pH in vitro modulates RNA metabolism, particularly RNA splicing, and identified a potential role for a family of RBPs with affinity for AU-rich motif, in the pH-induced transcriptomic signature. The low-pH signature indicated extensive changes in alternative splicing and was notably enriched for splicing of genes implicated in regulation of adhesion and cell migration. While the global regulation of RNA splicing in response to acidosis in vivo remains to be determined, we demonstrated that a set of functionally important candidate splicing events is similarly pH responsive in vitro and in vivo. The pH-responsive splicing of Mena and CD44 was sensitive to pH-induced histone de-acetylation in vitro, demonstrating a link between chromatin deacetylation and modulation of RNA splicing in response to extracellular acidity. These findings provide new molecular insight into one way in which acidosis CAN-18-1604 contributes to local transcriptomic alterations that promote pro-metastatic phenotypes.
Consistent with its well established role in local invasion and malignant progression (7, 46) , we found that acidosis is enriched adjacent to tumor-stroma interfaces in addition to areas within hypoxic cores. Acidosis in well-oxygenated areas can be caused by adaptation to increased aerobic glycolysis or oxidative phosphorylation (1,47). LDHA expression was indeed enriched within a subset of acidic cellular areas at the tumor-stroma interfaces (3, 32) . Acidic regions, however, were not restricted to sites of increased glycolysis marked by LDHA indicating that acidosis may also be induced by other means such as protons generated through oxidative phosphorylation. Prolonged exposure to extracellular acidification shifts cancer cell metabolic reprogramming towards reactive oxygen species homeostasis and therefore promotes proliferation and aggressive phenotypes under harsh conditions. An example of such mechanism is mediated through a balance between histone de-acetylation, mitochondrial hyper acetylation and increased fatty acid oxidation (16) . Consistently we observed that cells within low pH areas express high levels of HDAC and Ki-67 in vivo. Our results build upon previous reports on the correlation of extracellular acidity and local growth (7) and improve our understanding of the distribution of the acidic microenvironment relative to hallmarks of tumor progression.
The global functional consequences of the acidosis-induced splicing program largely remain to be determined but, for example, inclusion of the INV exon of Mena plays important roles in promoting directional migration, ECM remodeling, stabilization of invadopodia and metastasis. In addition, the Mena INV isoform is associated with poor clinical outcome of breast cancer patients (48) . The inclusion of exon 19 of CD44 generates a short isoform of CD44 with a truncated cytoplasmic tail. Its expression in vitro is up-regulated in multidrug-resistant MCF-7/Adr cells, and also affects cell invasion through the Ras/MAPK signaling pathway (37) . Here we demonstrate both in vivo and in vitro that acidosis is necessary and sufficient to drive the expression of these isoforms in both mouse and human tumors. These examples indicate that acidic microenvironment induces the expression of isoforms of genes associated with malignancy; however, it remains to be established if acidosis in vivo induces a global transcriptomic rewiring that influences splicing similar to the phenomenon observed in vitro.
The mechanisms underlying acidosis-dependent changes in RNA metabolism and splicing are unknown. Cellular stress responses involving the formation of ribonucleoprotein complexes and stress granules that impact RNA splicing, RNA stability and post-transcriptional regulation have been proposed (49) . Furthermore, adaptive mechanisms that influence protein synthesis and half life may affect the abundance of specific RNA binding proteins and thus impact regulation of RNA splicing in response to acidic stress (50) . Whether adaptive pathways that maintain physiological internal pH i in response to low extracellular pH affect these mechanisms, and if these mechanisms contribute to pHdependent transcriptomic changes are important questions for future studies.
The pH-induced global histone de-acetylation is an example of such homeostatic mechanism that contributes to maintenance of internal pH (15, 51) . We found that pH-induced acetylation status influences some of the pH-dependent splicing changes we observed, including the inclusions of CD44E19 and of Mena INV , further suggesting that the transcriptomic changes including alternative splicing may be coordinated with adaptive intracellular mechanisms that transduce pH e alterations. Acetylation of histones could directly influence the interaction of RNA splicing factors with nascent mRNA and thus affect alternative splicing (45) . Alternatively, histone acetylation can influence RNA polymerase processivity, which in turn modulates the splicing of alternative exons (52) . Interestingly, the ELAVL/HUR family, whose targets were highly enriched in the pH-induced signature in this study, affects RNA splicing through a similar mechanism. HUR modulates RNA splicing indirectly by inducing localized histone hyper-acetylation through inhibition of HDAC2. Local histone hyper-acetylation leads to increased transcriptional elongation, which promotes skipping of HUR target sites and therefore favors inclusion of constitutive exons (53) . We speculate that in low pH conditions HUR also influences global splicing rewiring, which involves down regulation of constitutive exons and splicing-in of alternatively included exons. In addition to regulating splicing, HUR has a well-established role in stabilizing target mRNAs. Therefore, the observed increase in HUR targets in the low pH signature may reflect two aspects of HUR function: 1) a reduced ability of HUR to suppress inclusions of target alternatively included exons by hyper-acetylation and 2) increased stabilization of mRNAs containing its binding site. This is consistent with the observed global transcriptomic rewiring and the enrichment of the HUR targets in the 3'UTR of transcripts up regulated in response to low pH.
Together, our results lead us to propose that acidosis, an intrinsic feature of the microenvironment, is enriched at the tumor invasive fronts and triggers adaptive changes in gene expression and splicing that are potentially controlled through a specific set of RBPs and downstream of pH-induced chromatin modifications. Our study provides new insights into how acidosis contributes to alterations underlying malignant progression. Understanding how acidosis evokes transcriptomic changes that confer aggressive tumor phenotypes will provide therapeutically valuable insight. . A') The overlapping genes, ranked by mean log 2 fold change analyzed by Gene Set Enrichment Analysis using GO biological process (BP) terms. Enrichment network visualized for gene sets with FDR < 0.01. Node sizes correspond to the number of genes in the GO term gene sets that also occur in the fold-change gene input list. Clusters of similar ontologies were manually assigned a group name based on high-level biological processes shared among nodes. B) Global profiling of splicing changes in response to pH in mouse and human dataset. Percent spliced in (PSI= Inclusion ratio/Inclusion ratio +exclusion ratio) of all exons in normal pH (pH7.4) and acidic pH (pH6.4). B') 298 orthologous exons (padj < 0.05, FDR < 0.01 and abs Δ PSI> 0.05) significantly spliced in mouse and human datasets (Hypergeometric statistics, p = 10 -30 ). B") Gene set enrichment analysis of orthologous exons. B'") Gene set enrichment analysis of same list for identification of associated pathways.
Figure 4:
Targets of RNA binding proteins with AU-rich motifs are enriched in genes upregulated in response to low pH. A) Spectrum plot generated by Transite, suggests a highly non-random arrangement of putative binding sites across all transcripts. The transcripts from RNA-seq data set for MDA-MB-231 and 4T1 sorted by log 2 fold change pH7.4 / pH 6.4 in ascending order; transcripts with highest expression in low pH 6.4 (negative fold change) are on the left, down-regulated transcripts on the right. Putative ELAVL1 binding sites are enriched in transcripts upregulated in low pH 6.4 (shown in red) and depleted in transcripts downregulated (shown in blue). B) Venn diagram depicts the overlap amongst the RBPs with a significant overrepresentation of putative binding sites in transcripts upregulated in low pH conditions in human and mouse datasets. C) The enrichment of CLIP peaks for HUR, TIA1, and KHSRP at 3'UTR of transcripts up-regulated in low pH indicate the binding sites of these RBPs are enriched in acidosis condition Metaplots of CLIP densities in 3'UTRs are plotted for: genes up in low pH (>1.5-fold relative to control) down in pH6, genes down in low pH (>1.5 fold relative to control) and control genes, where the fold-change in gene expression was less than 1.1 fold between both conditions. Significance of putative binding site enrichment values per bin indicated in spectrum plots as (***=< 0.001, **=<0.01, *=<0.05).
Figure 5:
Candidate splicing events are pH responsive. A) Inclusion/exclusion ratio relative fold change of candidate events 48hrs after exchange of low-pH medium with pH7.4 medium. B) Inclusion/exclusion ratio relative fold change of candidate events after culture in 0.2% oxygen +/-50mM HEPES. B') pH of media in which cells were cultured for 3 days or 10 days in 0.2% oxygen +/-HEPES. B".) Hif1 and Hif2 mRNA expression levels in hypoxic conditions +/-50mM HEPES. C) Inclusion/exclusion ratio fold change of candidate events following lactate acidosis induction by metformin +/-HEPES addition. C') pH of the culture medium following metformin treatment +/-HEPES addition. N=4 experiments, 2 technical replicates, Student's t-test p < 0.05 *, p <0.01 ** 
